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ABSTRACT
We present a novel approach to constrain the formation channels of Ultra-Compact Dwarf Galaxies (UCDs). They most probably are
an inhomogeneous class of objects, composed of remnants of tidally stripped dwarf elliptical galaxies and star clusters that occupy the
high mass end of the globular cluster luminosity function. We use three methods to unravel their nature: 1) we analysed their surface
brightness profiles, 2) we carried out a direct search for tidal features around UCDs and 3) we compared the spatial distribution of
GCs and UCDs in the halo of their host galaxy.
Based on FORS2 observations under excellent seeing conditions, we have studied the detailed structural composition of a large sample
of 97 UCDs in the halo of NGC 1399, the central galaxy of the Fornax cluster, by analysing their surface brightness profiles. We found
that 13 of the UCDs were resolved above the resolution limit of 23 pc and we derived their structural parameters fitting a single Sérsic
function. When decomposing their profiles into composite King and Sérsic profiles, we find evidence for faint stellar envelopes at
µ =∼ 26mag arcsec−2 surrounding the UCDs up to an extension of 90 pc in radius.
We also show new evidence for faint asymmetric structures and tidal tail-like features surrounding several of these UCDs, a possible
tracer of their origin and assembly history within their host galaxy halos. In particular, we present evidence for the first discovery of
a significant tidal tail with an extension of ∼350 pc around UCD-FORS 2.
Finally, we studied the local overdensities in the spatial distribution of globular clusters within the halo of NGC 1399 out to 110 kpc,
to see if they are related to the positions of the UCDs. We found a local overabundance of globular clusters on a scale of ≤1 kpc around
UCDs, when we compare it to the distribution of globulars from the host galaxy. This effect is strongest for the metal-poor blue GCs.
We discuss how likely it is that these clustered globulars were originally associated with the UCD, either as globular cluster systems
of a nucleated dwarf galaxy that was stripped down to its nucleus, or as a surviving member of a merged super star cluster complex.
Key words. galaxies: clusters: individual: Fornax, galaxies: dwarf, galaxies: fundamental parameters, galaxies: nuclei, galaxies: star
clusters
1. Introduction
Ultra-Compact Dwarf Galaxies (UCDs) were first discovered
in the Fornax cluster (Minniti et al. 1998; Hilker et al. 1999;
Drinkwater et al. 2000). Although their name implies a galaxy
origin, their nature and origin is still puzzling more than 15
years after their discovery. Their sizes (3-100 pc) and luminosi-
ties (−10 < MV < −14) have filled the void in the scaling rela-
tions of early-type stellar systems (Misgeld & Hilker 2011; Nor-
ris et al. 2014). The size and magnitude gap in between classical
globular clusters (GCs) and dwarf galaxies was not populated
before the advent of UCDs.
Two main scenarios for the origin of UCDs are being dis-
cussed in the literature: 1) UCDs are the surviving nuclei of
tidally stripped (dwarf) galaxies (Bekki et al. 2003, Pfeffer &
Baumgardt 2013) and 2) UCDs are the bright end extension of
the globular cluster luminosity function, either formed as gen-
uine GCs (Murray 2009; Mieske et al. 2004) or are the result of
a star cluster complex, where many clusters merge into a massive
UCD-like object (Fellhauer & Kroupa 2002; Brüns et al. 2009,
2011).
? Based on observations collected at the European Southern Obser-
vatory, (ESO Programme 076.B-0520)
The view that UCDs are an inhomogeneous class of objects
with different origins, i.e. made up of high mass GCs as well as
stripped nuclei, has been emphasized ever since their discovery
(Hilker 2006; Da Rocha et al. 2011; Brodie et al. 2011; Norris &
Kannappan 2011). The contribution of each formation channel
is not well constrained yet and is highly under debate. Identify-
ing the origin of individual UCDs is observationally very diffi-
cult since most observed parameters do not differentiate between
both formations channels. Smoking gun properties, like a mas-
sive black hole, an extended star formation history or massive
tidal tails, are expensive to obtain for such barely resolved ob-
jects. One of the most convincing proofs for a stripped nucleus-
origin of an individual UCD is the detection of a supermassive
black hole (SMBH) in M60-UCD1 in the Virgo cluster by Seth
et al. (2014). Another very recent example is the detection of an
extended star formation history in NGC 4546-UCD1 by Norris
et al. (2015). But, for large ensembles of UCDs there is no esti-
mator yet, which can distinguish between both UCD formation
channels and thus constrain their fractions among a UCD popu-
lation.
The Fornax cluster, in particular its central galaxy
NGC 1399, has a well studied UCD and globular cluster popula-
tion (Dirsch et al. 2003; Bassino et al. 2003; Dirsch et al. 2004;
Bassino et al. 2006; Schuberth et al. 2010). NGC 1399 hosts
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∼6500 globular clusters within 83 kpc (at a distance of 19 Mpc)
with a specific frequency of SN = 5.5, making it a good testing
ground for GC/UCD populations.
At the distances of the Virgo and Fornax clusters most UCDs
are barely resolved on ground-based images under regular see-
ing conditions. They can however be spatially resolved by space
telescopes like HST or adaptive optics supported ground based
imaging. The light profiles of a few UCDs have been studied in
detail via HST photometry (Evstigneeva et al. 2007, 2008; De
Propris et al. 2005). It has been found that a simple single King
profile does not fit the luminosity distribution of the most lu-
minous and extended UCDs well. A King core and a Sérsic or
exponential halo component are needed to explain their surface
brightness profiles (Evstigneeva et al. 2008; Strader et al. 2013).
Especially the brightest UCDs exhibit compact and concentrated
profiles in their centres and extended exponential wings with no
signs of a sharp tidal truncation. Some of them exhibit enve-
lope components with effective radii up to 100 pc (e.g. Drinkwa-
ter et al. 2003; Richtler et al. 2005). There are 6 UCDs listed
in the literature, which have double surface brightness profiles:
VUCD 7 in the Virgo Cluster and UCD 3 and UCD 5 in Fornax
(Evstigneeva et al. 2008); the compact object M59cO (Chilin-
garian et al. 2008); and the very compact, SMBH-harbouring
M60-UCD1 (Strader et al. 2013).
One of the scenarios suggested for the formation of nuclear
star clusters (NSCs) is that massive globular clusters migrate to-
wards the center of their host galaxy via dynamical friction and
merge there in less than a Hubble time (Tremaine et al. 1975;
Capuzzo-Dolcetta 1993). This process is especially efficient in
dwarf galaxies. Lotz et al. (2001) found a deficit of bright glob-
ular clusters in the central regions of nucleated dEs as compared
to the outer regions, which can be the result of inwards migra-
tion of massive GCs. Recently, Arca-Sedda & Capuzzo-Dolcetta
(2014) have derived, in a statistical approach, the number of sur-
viving clusters around a galaxy as function of its mass, after a full
Hubble time of dynamical friction at work. Their models predict
that for a host galaxy with a stellar mass of M = 1010M, on
average, 65% of the original globular cluster population has mi-
grated to the centre within one Hubble time. This fraction rises
for smaller host masses. At M = 109M we already expect 80%
of the original globular cluster population to have merged into
the nucleus via dynamical friction. Assuming that UCDs are the
stripped nuclei of progenitor dwarf galaxies in the mass range
M = 109 − 1010M, we can test whether observed UCDs show
signatures of this process. In particular, we can test if there is
a statistical overabundance of globular clusters in close prox-
imity of UCDs, as we expect that inwards migration of GCs is
still ongoing within the shrinking tidal radius of the disrupting
dwarf galaxy. And, as the most massive globular clusters have
the shortest dynamical timescales, we expect only lower mass
GCs to survive around UCDs. This can be tested by sampling the
luminosity function of the companion objects and see if it agrees
with a GC population that is skewed towards low masses in the
globular cluster luminosity function (GCLF). Also we would ex-
pect that small, low surface brightness envelopes from the pro-
genitor galaxies are left within the present-day tidal radius of the
stripped nuclei.
Merging super star cluster mergers are also expected to show
substructure and non-merged companion GCs. In Brüns et al.
(2011) it was shown that such a merging super star cluster com-
plex has several surrounding close GC companions at 70 Myrs
after the start of the merging process. After 280 Myrs of merg-
ing it is left with one GC companion. Finally after 1.3 Gyrs no
more companions or substructure are visible in that particular
simulation and the merging process has finished. In another sim-
ulation of merging star cluster complexes that leads to the forma-
tion of an extended star cluster of 105M (’faint fuzzies’), Brüns
et al. (2009) showed that substructure in form of non-merged star
clusters can survive up to a merger age of 5 Gyr. Also tidal tails
are formed while the merged star cluster complex orbits in the
gravitational field of its host galaxy. Thus we might expect to
find companions around merged super star clusters up to several
Gyrs after their formation.
In this work we present novel approaches to constrain the
origin of UCDs in the Fornax Cluster.
Firstly, we carry out a detailed structural decomposition
of the surface brightness profiles of several UCDs around
NGC 1399 using ground based, very good seeing images (sec-
tions 2 and 3). We examine their surface profiles by fitting single
component models to them, as well as decomposing some of
them into an envelope and core component. We compare how
modelling UCDs with different light profiles affects the scaling
relations of UCDs within the larger picture of early-type sys-
tems.
Secondly, we examine a large sample of confirmed UCDs for
direct signatures of ongoing tidal stripping (section 4). We look
for direct “smoking gun evidence” for the tidal transformation of
UCDs by searching for tidal tails.
Finally, we search for signatures of associated companion
star clusters in the distribution of GCs around UCDs, which we
expect if the UCD was a nucleated dwarf galaxy which previ-
ously had its own globular cluster system or it originated from
a super star cluster complex that still has substructure (section
5). We investigate how likely it is, that these clustered globulars
were either originally part of the ancestor dE galaxy before it was
stripped down to its nucleus, or originated from a super star clus-
ter complex that has not fully merged yet. The main difference of
the two scenarios being the age of the UCDs with substructure,
as we do not expect a star cluster complex older than 5 Gyrs to
retain substructure, but rather be fully merged into one smooth
object.
2. Imaging
To study UCDs within the Fornax cluster, we used data from
ESO programme 076.B-0520 (PI:Richtler). The imaging data
were taken in the nights October 9th and 10th, 2005, with the
high resolution collimator mode of FORS2, which is mounted on
UT1 of the Very Large Telescope (VLT). Three separate fields
were observed in the R-band. Fields 1 and 2 with 3x800 s ex-
posure time each and field 3 with 5x800s. Every single exposure
was reduced separately with our own IDL routine. The reduction
process included all standard procedures for image reduction.
First, a masterbias was created from 5 bias exposures, then a nor-
malized master flatfield of 5 separate bias-subtracted flatfields
was created. The original science exposures were then corrected
for bias and flatfield effects and subsequently stacked together
using the IDL routine MEDARR, creating a median stacked im-
age of all three exposures. Before stacking we fitted gaussian
models to 4 bright stars in each exposure to determine their posi-
tions with sub-pixel accuracy. This was used to correct for small
sub-pixel shifts in the astrometry before stacking the exposures,
so that our psf size was not increased. The pixel scale of the ob-
servations is 0.126 arcsec/pixel, which corresponds to a physical
scale of 92 pc arcsec−1 at the distance of NGC 1399, which we
will assume throughout the paper as (m − M) = 31.39 (Freed-
man et al. 2001), or 18.97 Mpc. For each final stacked image we
retrieved the psf using the GETPSF idl routine taken from the
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Fig. 1. A DSS cutout image of 20′x20′ around NGC 1399
(RA=03h38m29.0s DEC=-35d27m02s), the central galaxy of the For-
nax cluster. The locations of the three FORS2 pointings with 6.8′ × 6.8′
size are shown as blue squares. The confirmed Fornax UCDs/GCs
within this region are marked with red circles.
NASA IDL Astronomy Users Library (Landsman 1993) 1. Mean
FWHM-values of the PSFs in the three fields are FWHM=0.53′′,
0.55′′, 0.53′′for pointings Nr.1, 2 and 3, respectively. The posi-
tions of the three pointings are shown in figure 1. The orienta-
tions of the fields were optimized to cover most objects presented
in Richtler et al. (2005).
3. UCD Analysis
3.1. Surface brightness analysis
We compiled a sample of 313 UCDs and GCs in the Fornax clus-
ter with stellar masses above M = 106M (Firth et al. 2007;
Mieske et al. 2002, 2004; Dirsch et al. 2004; Richtler et al. 2008;
Schuberth et al. 2010), which all are confirmed Fornax mem-
bers according to their radial velocities. To determine their stel-
lar masses consistently for the full sample, we used their V-band
magnitudes and (V−I) colours and calculated their V-band mass-
to-light ratios from the simple stellar population models (SSP) of
Maraston (2005). For the UCDs we assume an age of 13 Gyr and
a Kroupa (2001) initial mass function (IMF) with a red horizon-
tal branch. A fit to the tabulated M/LV and (V − I), valid for the
colour range 0.80 < (V − I) < 1.40, can be expressed as:
M
LV
= 4.408 + 1.782 · arctan[11.367 · ((V − I) − 1.162)] (1)
The root mean square of the fit is rms=0.101. In figure 1 a
20’x20’ cutout DSS image is shown, centered on NGC 1399.
The UCDs of the Fornax sample are marked with red circles.
The three FOVs of our FORS2 observations are shown as blue
squares. 97 UCDs/GCs are located in those fields.
1 http://idlastro.gsfc.nasa.gov/
We analyzed the surface brightness profiles of these 97
UCDs using the two dimensional fitting algorithm GALFIT
(Peng et al. 2002). GALFIT is a parametric approach to light
profile fitting, which minimizes the residuals between the two di-
mensional model and the image. The difference between model
and original image is given as a residual map. As the diameters
of the UCDs are very close to the spatial resolution of our im-
ages it is crucial that we use a fitting technique that takes the
smearing of the light profile by the PSF into account. GAL-
FIT convolves each analytic profile with an input point-spread
function (PSF). We derived the input PSFs using the GETPSF
IDL routine for, on average, 20 bright stars in each observing
field and each chip separately, as the PSF varies in each obser-
vation and also per chip. The average FWHM of our derived
PSFs is 4.25 pixels which corresponds to 0.55′′. For each UCD
a cutout of 120×120 pixels, which corresponds to 15′′×15′′, was
created from the large image as an input for GALFIT. We used
GALFIT to fit 2 single and 2 double luminosity profile models
to each UCD: a single Sérsic (S), a single King (K), a double
King+Sérsic (KS) and a Sérsic+Sérsic (SS) model.
The Sérsic surface brightness function used to model galaxy
luminosity profiles can be given as:
I(R) = I(eff) exp
−b
( RReff
) 1
n
− 1

 . (2)
Reff is the half light radius, I(eff) is the surface brightness at the
half light radius, n is the shape parameter of the function and b
is a constant which depends on n with a good approximation as
b(n) = 2n − 0.324 (3)
See Ciotti (1991) for exact values.
For n=1 the profile is an exponential law, and for n=4 it is a
de Vaucouleurs profile.
The generalized King profile (in original form from King
1962) is given as:
I(R) = I0
[
1
(1 + (R/Rc)2)
1
α
− 1
(1 + (Rt/Rc)2)
1
α
]α
, (4)
where Rc is the core radius and Rt is the tidal radius where the
profile is truncated. I0 is the central surface brightness. α is the
shape parameter of the King profile. The classical profile fixes
α = 2, but we use it in its generalized form where α can vary.
Often the concentration index c is used to characterize the pro-
file, which is defined as c = log(Rt/Rc). The King profile is often
a good fit to light profiles of globular clusters with their flat cores
and truncated outer parts.
All model parameters of our fits were allowed to vary within
GALFIT. In cases where a very close faint point source or an
asymmetric tidal feature was visible in the image, we fixed the
ellipticity to 1.0, providing a spherical model. When there is a
nearby faint substructure GALFIT often tends to settle into a
local χ2ν minimum with a very elliptical model, which results in
a bad representation of the real object. For objects without faint
substructure we allowed the ellipticity to vary. The ellipticities
of the UCDs is given by GALFIT as the ratio between semi-
minor and semi-major axis of the fitted model. For all UCDs
where there were no faint tidal features nearby we allowed the
ellipticity parameter to vary. The ellipticities from the Sérsic fits
were all larger than 0.75, which shows that UCDs are quite round
objects with few deviations from their round shape in the inner
light profile.
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Fig. 2. The left columns show the thumbnail images of the 13 UCDs that
were found to have a half-light radius above 23 pc, which we adopted
as limit for a reliable measurement. The right hand column next to
each UCD shows the residuals after subtracting the best fit single Sérsic
model from the observed image. Each UCD is marked with its identifier
number among the 97 UCDs in both FORS fields. Their properties are
listed in detail in table 1.
As many UCDs are located close to the very bright galaxy
NGC 1399, the background level in the cutout images is not uni-
form but has a brightness level which depends on the distance to
the main galaxy. For each UCD fit we determined the individual
sky background and allowed it to have an additional sky gradient
in x and y direction.
We only accept GALFIT parameters if the best fit converged
with no runaway parameters, i.e. parameters whose values do not
diverge with increasing radius, and if reff of the fitted profile is
> 2pix = 23.18 pc, which corresponds to 45% of the size of the
FWHM and 0.252′′in angular size. This is the resolution limit
we adapted for all our fits. For the double component fits, the
reff values of both components are also required to lie above this
resolution limit.
Applying these cutoffs we find that 54 UCDs have a con-
verged Sérsic fit, and of these 13 have a half-light radius above
the resolution limit and no runaway parameters. The cutout im-
ages of these 13 extended UCDs and their residuals of the Sérsic
fit are shown in figure 2. The structural parameters we derived
from the Sérsic fits to these UCDs are given in table 1.
The quality of the fits is shown as residuals in figure 2. These
residual maps are the results from subtracting the best-fit Sérsic
model from each observed object. As can be seen some larger
residuals are left in the central parts for most UCDs. These are
either due to an undersampled PSF determination in the centres
or due to and imperfect description of the Sérsic profile to the
very central parts of the UCDs. For several objects we see faint
outer residuals (e.g. UCD-FORS 4, 32, 36, 45). This suggests
the existence of a faint underlying second component, which we
will test with double profile fits. For UCD-FORS 81 (=Fornax
UCD2) we find an effective radius of reff = 37.82 ± 2.58 pc and
a Sérsic index of n = 2.03. For this object a much higher Sérsic
index of n = 6.8 and an effective radius of 26.6 pc was derived in
Evstigneeva et al. (2007), based on higher resolution HST pho-
tometry. High Sérsic indices are very sensitive to the determina-
tion of the sky level, and already a slight underestimation will
lead to a higher Sérsic index, which might cause this difference.
Another explanation for this discrepancy is that an intrinsic dou-
ble profile was fitted with a single component in their work.
The average Sérsic index of our 13 extended UCDs is n =
3.82. The objects with larger Sérsic indices are more centrally
concentrated and have extended wings towards faint levels com-
pared to those with lower Sérsic n values. As mentioned above,
profile fits to extended wings can be sensitive to background de-
terminations. Therefore, it is important to determine our back-
ground carefully, including the modelling of the gradient intro-
duced by the central galaxy NGC 1399 to minimize these effects.
For the King profile fits, we have 47 UCDs, for which the fit
returned results, but only three of them have no runaway param-
eters and effective radii above the resolution limit we adapted.
These three objects above the resolution limit showed an ex-
tremely low alpha index of α < 0.2 which is unphysical. Thus
we consider none of the UCDs to be well fitted by a single gener-
alized King law in contrast to previous HST results. None of the
UCDs have either a flat cored light profile, nor a marked trun-
cation radius, which we would both expect from typical King
profiles.
We also attempted to fit the UCDs with double component
profiles, King-Sérsic (K+S) and Sérsic-Sérsic (S+S). Many of
these fits did not converge and had runaway parameters. And
none of those that converged had effective radii for the inner
component that were above our resolution limit when we al-
lowed all parameters to vary. As we know from the 5 known
double profile UCDs in the literature (Evstigneeva et al. 2007;
Chilingarian et al. 2008; Strader et al. 2013), the inner compo-
nent usually has reff < 15 pc. Finding none that has an inner
component larger than 23 pc was thus expected, within our see-
ing limited ground based dataset.
To test how it would affect the outer Sérsic component if we
actually have an inner King component, we reran GALFIT on
the 13 extended UCDs with a fixed size King component in the
center. We held the King effective radius at r = 11.6 pc with a
concentration of c = 30 and allowed the magnitude to vary. Also
the Sérsic envelope profile was allowed to vary in its parameters.
All these fits converged except for the one of UCD-FORS 32
(UCD6). Instead for this UCD a double Sérsic profile is the best
fit to the data. Notably this is the object with the lowest Sérsic
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index of n = 0.94 and thus the most cored profile consistent with
the profile shape derived by Evstigneeva et al. (2008).
In table 2 the results of the K+S fits are shown, including
the relative change in χ2 between the Sérsic only and the K+S
fit. For 11 out of the 13 UCDs the relative change of χ2 is posi-
tive and thus the quality of the fits increased when using a dou-
ble K+S profile. For UCD-FORS 4 and 52 these percentages are
slightly negative, but with only a tenth of a percent the quality
of the fit is almost unchanged. The average increase in the qual-
ity of the fits is ∆χ2=10.59%. The double profile fit is especially
good for UCD-FORS 32, 45 and 81, for which a faint envelope
is even visible from the images in figure 2 by eye. For illustrat-
ing the improvement in residuals for the double component fits,
those three objects have been included in the last three panels
of figure 3 and all of them show significant improvement of the
residuals when using a K+S profile instead of a single Sérsic.
The asymmetric faint features around UCD-FORS 1, 52 and 71
are caused by faint background point sources which will be fur-
ther discussed in section 4.2.
The effective radii for the envelope Sérsic components are
shown in figure 5 as dark blue circles with crosses. They are con-
nected to the respective parameters derived by the single Sérsic
fit with a solid line.
It is obvious from the plot that the effective radii of these
’envelope’ components are larger than their single component
counterparts. In the scaling relations some of these envelopes
are located in the empty area between the branch of the dwarf
elliptical galaxies and the star cluster like objects (UCDs and
GCs).
As expected, the Sérsic index for the envelope decreased due
to its less concentrated profile. As many as six of our envelopes
now have Sérsic indices of 2 or smaller, which is closer to the
n = 1 exponential profile that is usually measured for dEs.
3.2. Surface brightness profiles
For those 13 UCDs where we were able to measure the struc-
tural parameters directly we show their one dimensional, back-
ground corrected radial light distributions in figure 3. The last
three panel of the 4th column show the best fit Sérsic+Sérsic
fit for UCD=FORS 32 and the respective King+Sérsic fits for
UCD-FORS 45 and 81. In green the best fit convolved Sérsic
profile is plotted. In blue the background corrected observed sur-
face brightness profile is shown. For this we used the IRAF el-
lipse task and analysed the surface brightness level of the UCDs
as a function of aperture radius. This non-parametric curve-of-
growth analysis does not correct for the smearing of the light
profile in the central parts by the PSF but shows the profile as
observed. The errorbars for the blue profile denote the change
in the profile when we vary the determined background value
by 5%. The black dashed line is illustrating the surface bright-
ness profile of the PSF. The vertical green line shows the size
of the effective radius Reff of the best fit Sérsic profile. Below
each isophote plot the residuals between the model profile after
convolution with the PSF and the observed profile is shown.
For the inner parts of most UCD isophote profiles (r< 50pc)
the residuals are small and scattered around zero. For several ob-
jects at larger radius the residuals become positive meaning an
excess of the observed light compared to the model. For UCD-
FORS 1, 52 and 71 this can be accounted for by the very close
second point sources we detected after subtracting the UCD pro-
file (see figure 2). As also visible from the two dimensional resid-
uals plotted in figure 2, for several UCDs (e.g. 1, 71, 84) the two-
and one-dimensional residuals both show a faint excess of light
at radii r > 70pc, i.e. the Sérsic profile dropped too fast in surface
brightness compare to the true light profile of the UCDs. A very
interesting case is UCD-FORS 32 whose best fit light profile has
the smallest Sérsic index of the whole sample of n=0.93. The
behaviour of its residuals shows an excess of observed light be-
tween 30 and 50 pc compared to the profile, and between 70 and
100 pc the Sérsic profile has a higher surface brightness than the
object. Profiles with Sérsic indices below 1 indicate a light dis-
tribution with a central flat (core) and a truncation at larger radii.
In the second panel of the 4th colum this object is shown with
it’s best fit Sérsic+Sérsic fit. The “envelope" component of this
fit has now an even lower Sérsic index of 0.59 and a half light
radius of 88.69 pc, the improvement in the quality of the fit is
easily visible from the residuals. The double profile results from
UCD-FORS 45 and 81 are plotted in the last two panels of the
last column, and also show significant reduction in the amount
of residual compared to their single-component counterpart.
All light profiles of the 13 extended UCDs lie significantly
above the PSF profile (dashed black) and are clearly not compat-
ible with a point source profile within their errorbars.
In table 1 we summarise the structural parameters from the
best fit Sérsic models for the 13 UCDs that have half-light radii
above the resolution limit of 23 pc. The (V − I) colour and the
radial velocities are taken from their original sources described
in detail in section 3.1. The provided errors on the fit parameters,
both in tables 1 and 2, are those given by GALFIT and should be
taken with caution, as these errors might be underestimated and
do not take into account any systematic effects. For objects this
close to the resolution limit we expect the true total errors to be
at least 10-20%.
3.3. Colour magnitude diagram
In Figure 4 we show the colour-magnitude diagram (CMD) of
our NGC 1399 UCDs compared to GCs in Fornax and UCD
colour data from other work. The dark blue points denote the
extended UCDs with sizes above 23pc, whereas the light blue
points denote all the other UCDs which are located in the three
fields, for which we have FORS data. The yellow diamonds show
UCDs from Evstigneeva et al. (2008). We also include as purple
triangles data for the nuclei of dwarf elliptical galaxies which
are taken from Lotz et al. (2004). The GC data (light grey dots)
include the GCs of NGC 1399, NGC 1404 and NGC 1389 which
were taken from the Fornax ACS Survey (Jordán et al. 2007).
The g′ and z′ AB magnitudes of the ACS Survey were trans-
formed into the V and I system by using the single stellar pop-
ulation models from Bruzual & Charlot (2003). We assumed a
GC age of 11-13 Gyrs and a Chabrier IMF with a metallicity be-
tween -2.2 dex and -0.6 dex. The transformation equation for the
magnitude and colour is given as:
V = g′ − 0.004 − 0.301 · (g′ − z′) (5)
(V − I) = 0.445 + 0.518 · (g′ − z′) (6)
The root mean square of equation 5 is rms=0.010 and that of
equation 6 is rms=0.012. When we look at the location of the
dwarf elliptical nuclei (purple) and the UCDs from Evstigneeva
et al. (2008) we can see that the nuclei are on average ’bluer’ than
UCDs of comparable luminosity and their colours become red-
der with increasing nuclei luminosity. This trend towards redder
colour for brighter objects is also observed for the UCDs from
the literature (yellow) but with a shallower slope than for the
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Fig. 3. Here the isophotal analysis of the R-band images of 13 extended UCDs is shown. For each UCD, the top panel in each plot shows the
output of the GALFIT Sérsic model (green) compared to the observed background subtracted surface brightness profile (blue line, orange points).
The shape of the PSF is also plotted as dashed black line. The Sérsic index n and the identification number of the UCD is noted within each plot.
The lower panel of each plot displays the residuals between the model profile after convolution with the PSF and the observed profile. The vertical
green line is the effective radius of the best fit Sérsic profile. The last three panels in the fourth column show the model results for the King+Sérsic
fits for UCD FORS 45 and 81 respectively. For UCD-FORS 32 the Sérsic+Sérsic result is shown. The two-component models of these three UCDs
show improved residuals compared with their single profile fits.
nuclei. A large fraction of our sample of extended UCDs (dark
blue) falls close to this relation, which has been noted already
by Evstigneeva et al. (2008) and Brodie et al. (2011). In contrast
to their findings, we find several extended red UCDs, which are
much fainter than what is expected from the colour magnitude
relation established by the nuclei.
Another feature in the CMD is the position of confirmed
UCDs/GCs with half-light radii <23 pc. Their locations in the
CMD (light blue) are compatible with those of GCs (grey dots)
for luminosities fainter than MV = −11. They also overlap in
magnitude with the bright end of the GC population. In the very
blue range of (V − I) < 0.9 there is a lack of UCDs with magni-
tudes brighter than MV < −11. This can be explained by the blue
tilt found in various globular cluster systems (e.g. Mieske et al.
2010; Fensch et al. 2014).
3.4. Luminosity-effective-radius relation
One of the main theories for UCD formation is that they are the
isolated nuclei of larger dwarf ellipticals, being stripped of their
stellar envelope through tidal interactions (e.g. Bekki et al. 2003;
Drinkwater et al. 2003). In Pfeffer & Baumgardt (2013) the the
trajectories from simulations in the luminosity-size plane of such
a process were shown. During the tidal interaction dwarf galax-
ies lose their envelopes and, from their original position in the
size-luminosity diagram as dwarf ellipticals (green points in fig-
ure 5), they end up with sizes and magnitudes of UCDs, effec-
tively having to cross the empty region in between the galaxy
and the star cluster branch. One could naively ask: if these ob-
jects are formed by tidal stripping – why do we not see more
objects in between both branches being currently transformed?
This is due to the fact that the transformation timescale is rather
short (Pfeffer & Baumgardt 2013) and that dwarf galaxy destruc-
tion has happened in the early phases of cluster formation, i.e.
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Table 1. Results from the Sérsic fits for those 13 UCDs that have half-light radii larger than the resolution limit of 23pc. The (V − I) colours and
radial velocities are taken from the respective original samples. The provided errors on Re f f and n are those given by GALFIT and should be taken
with caution, as close to the resolution limit these errors might be underestimated. The alternative object names from the literature are from the
following sources: for UCDx Firth et al. (2007), x − xxxx Mieske et al. (2002, 2004), Yxxx references Richtler et al. (2008). Some of these objects
were also presented in Richtler et al. (2005) with the following names: a 78:12 b 91:93 c 90:12
Name Namealt R.A. DEC. V Reff n (V − I) v
(h:m:s) (◦:’:”) (mag) (pc) mag (km s−1)
UCD-FORS 1 1_0630 3:38:56.14 -35:24:49.0 20.31 ± 0.004 28.10 ± 0.16 3.32 ± 0.06 1.02 ± 0.07 666 ± 48
UCD-FORS 2 Y99025a 3:38:58.55 -35:26:26.0 20.21 ± 0.012 34.68 ± 0.76 4.85 ± 0.17 0.96 ± 0.04 1070 ± 38
UCD-FORS 4 2_2115 3:38:49.18 -35:21:42.1 20.96 ± 0.003 23.70 ± 0.15 2.44 ± 0.05 1.19 ± 0.07 864 ± 79
UCD-FORS 32 UCD6 3:38:05.04 -35:24:09.7 19.15 ± 0.001 33.27 ± 0.07 0.94 ± 0.01 1.13 ± 0.11 1220 ± 45
UCD-FORS 36 UCDm 3:38:06.48 -35:23:03.8 20.00 ± 0.002 25.06 ± 0.08 4.09± 0.04 1.00 ± 0.04 1442 ± 123
UCD-FORS 45 UCD28 3:38:10.73 -35:25:46.2 19.97 ± 0.003 33.83 ± 0.14 3.81 ± 0.03 1.29 ± 0.04 1715 ± 90
UCD-FORS 48 UCD31 3:38:16.51 -35:26:19.3 20.60 ± 0.008 25.88 ± 0.29 4.41 ± 0.13 0.95 ± 0.05 899 ± 85
UCD-FORS 50 1_2095 3:38:33.82 -35:25:57.0 20.61 ± 0.007 24.05 ± 0.24 4.56 ± 0.13 1.10 ± 0.04 1223 ± 221
UCD-FORS 52 2_2127 3:38:11.69 -35:27:16.2 20.81 ± 0.02 44.41 ± 2.47 9.05 ± 0.38 1.16 ± 0.06 1443 ± 131
UCD-FORS 56 Y10056 3:38:38.77 -35:25:55.2 21.18 ± 0.033 36.72 ± 2.37 5.44 ± 0.42 1.26 ± 0.07 1062 ± 105
UCD-FORS 71 Y10048 3:38:35.23 -35:25:39.2 22.05 ± 0.015 24.85 ± 0.51 2.71 ± 0.20 1.09 ± 0.04 1601 ± 30
UCD-FORS 81 UCD2b 3:38:06.29 -35:28:58.8 19.31 ± 0.048 37.82 ± 2.58 2.03 ± 0.33 1.13 ± 0.11 1249 ± 37
UCD-FORS 84 2_2072c 3:38:14.69 -35:33:40.7 20.77 ± 0.001 41.85 ± 0.11 1.96 ± 0.01 0.89 ± 0.05 1448 ± 176
Fig. 4. Colour magnitude diagram for the extended UCDs (dark blue)
and UCDs with companions as orange diamond symbols. These are
compared to the parameters of the rest of our NGC 1399 UCD sam-
ple with M > 106M in light blue. The yellow diamonds mark UCDs
from the work of Evstigneeva et al. (2008). The light grey dots are the
NGC 1399, NGC 1404 and NGC 1389 GCs from the Fornax ACS Sur-
vey (Jordán et al. 2007). The purple triangles are nuclei from dE galax-
ies in the Fornax cluster taken from Lotz et al. (2004).
several Gyr ago (Pfeffer et al. 2014). This makes objects in the
transition phase between the two branches very rare at present
time. Additionally, if the surface brightness of the stellar en-
velope component reaches faint levels very quickly, we miss
them in observations because there have not been systematical or
deep enough searches for low surface brightness features around
a large sample of UCDs yet. Nevertheless, even today galaxy
clusters still accrete sub-structures and some dwarf galaxies get
disrupted. Therefore, we should be able to find some "smoking
gun" evidence for the tidal nature of these objects at low surface
brightness levels.
In figure 5 we plotted the effective size and magnitude of
dwarf ellipticals and dwarf spheroidal (green and light green),
globular clusters (light grey dots), UCDs (blue diamonds) and
galaxy nuclei (dark grey diamonds). The five literature UCDs
with double component profiles are shown in different colours
(red, yellow, orange, brown and purple) with a circle for the core
component, square for the single component and a crossed circle
for the envelope.
The structural parameters for UCDs from our sample, which
could be fitted with a double profile, are shown in dark blue. The
envelope component for each UCD from the two component de-
composition is shown as circle with a cross. The single compo-
nents are the dark blue points. Each single component UCD is
connected with a line to it’s derived envelope component. Wo do
not show the core component since it was artificially fixed to a
size of 11.6 pc.
For the literature UCDs as well as the new sample the derived
envelope parameters fall right in between the galaxy and star
cluster branch. The core components from the literature UCDs
all fall into a lower size UCD range close to the nuclear star
cluster range. This might be a hint that UCDs with envelopes
are actually transition objects in the stripping process of dwarf
elliptical galaxies, or alternatively are merged super star cluster
complexes with an extended envelope component, which is a re-
sult of the star cluster merging process (e.g. Fellhauer & Kroupa
2002).
4. Tidal structures and globular clusters around
UCDs
4.1. Tidal Structures
In our FORS sample of 97 UCDs we investigated all of them
visually for signatures of tidal tails and general asymmetric fea-
tures. We looked at the original images, as well as the residual
images from our best-fit GALFIT models. Underlying faint fea-
tures or tails are often only well visible when subtracting the
light of a symmetric profile. We classify those UCDs as hav-
ing tidal features when there was a coherent tidal feature above
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Fig. 5. The relation between the effective radius and the absolute visual magnitude of several types of early-type systems are shown. As green
dots we show dEs in the Hydra and Centaurus clusters taken from Misgeld et al. 2008, 2009. The light green triangles are dSphs in the Local
Group from McConnachie (2012). The inverted green triangles are compact ellipticals from Price et al. (2009). Light green plus signs represent
early-type galaxies from Ferrarese et al. (2006). Light grey dots are the Fornax Cluster GCs from the ACVCS survey (Jordán et al. 2007). The
dark grey star symbols are the nuclear star clusters from Georgiev & Böker (2014). In light blue we show an assembly of UCDs with measured
sizes taken from Mieske et al. 2008; Brodie et al. 2011; Forbes et al. 2013; Evstigneeva et al. 2008; Has¸egan et al. 2005. As navy blue dots we
plot the effective radii from the Sérsic profile fit. The connected navy circles with a cross shows which sizes we derived for the envelopes of a
two component King+Sérsic model to each of our UCDs when we assume a 11.6 pc King component in their centres. The yellow, orange, red and
brown symbols show the 5 known decomposed UCDs with clear double profiles in the literature. Squares are the single component fits, dots the
core component and circles with crosses the envelope component. The red points denote (VUCD7), orange (UCD3) and yellow (UCD5), all taken
from Evstigneeva et al. (2007). Purple symbols show M60-UCD1 taken from Strader et al. (2013) and the brown symbols are M59cO taken from
Chilingarian et al. (2008).
the background level identified. The background noise level was
determined locally for each UCD, as the noise level significantly
varies as function on the distance to NGC 1399. In total we found
11 out of the 97 UCDs exhibiting such tails and features.
The most striking features we found around UCD-FORS 2
(Y99025) as shown in figure 6.
We detect three clear tidal tail-like structures around this
UCD. Two narrow tidal features emerge from the UCD towards
the East and the North-West (NW). A smaller but brighter feature
is visible on the northern side of the UCD. The NW tidal feature
is above the 3σ level for mainly all its extension with a small 5σ
peak in its middle. The tidal feature extending towards the East is
enclosed by the 2σ isophote with a 3σ peak in the middle. These
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Table 2. Results from the double profile fits to the surface brightness profiles of the UCDs. Here we used a profile consisting of a King core fixed at
11.6pc in effective radius and a variable Sérsic Envelope component. The second and third column show the magnitude of both components. The
fourth column shows the effective radius of the Sérsic envelope and the fifth column the best fit Sérsic index. The relative change in χ2 between the
K+S fit and the original Sérsic only fit is shown in the second last column. In the last column the expected tidal radius for these objects according
to equation 8 are shown. 1 For object UCD-FORS 32 the results for a double Sérsic fit are shown
Name RKing REnvelope REnvelope n Rel. Change χ2 rtidal
(mag) (mag) (pc) % (pc)
UCD-FORS 1 21.28 ± 0.09 20.88 ± 0.06 45.67 ± 2.32 1.84 ± 0.15 3.08 590
UCD-FORS 2 22.96 ± 0.07 20.30 ± 0.09 41.04 ± 6.38 4.76 ± 0.31 1.57 444
UCD-FORS 4 23.71 ± 0.13 21.05 ± 0.28 24.45 ± 4.40 2.25 ± 0.19 -0.13 684
UCD-FORS 321 19.60 ± 0.04 20.32 ± 0.02 88.68 ± 1.39 0.59 ± 0.03 44.28 985
UCD-FORS 36 21.17 ± 0.10 20.45 ± 0.11 40.57 ± 5.22 3.33 ± 0.30 4.44 659
UCD-FORS 45 20.53 ± 0.03 20.95 ± 0.01 71.75 ± 0.35 0.70 ± 0.01 28.60 592
UCD-FORS 48 21.79 ± 0.22 21.04 ± 0.32 39.64 ± 16.11 3.46 ± 0.73 0.23 253
UCD-FORS 50 22.22 ± 0.09 20.89 ± 0.07 35.12 ± 5.22 5.36 ± 0.22 5.45 160
UCD-FORS 52 23.82 ± 0.03 20.88 ± 0.02 52.59 ± 12.50 8.88 ± 0.75 -0.14 349
UCD-FORS 56 23.72 ± 0.13 21.29 ± 0.09 46.02 ± 10.32 4.99 ± 0.30 0.9 229
UCD-FORS 71 22.50 ± 0.08 23.21 ± 0.05 57.50 ± 2.32 0.31 ± 0.08 0.85 136
UCD-FORS 81 22.68 ± 0.16 19.36 ± 0.41 37.74 ± 12.40 1.88 ± 0.86 42.90 776
UCD-FORS 84 22.61 ± 0.07 20.99 ± 0.02 46.02 ± 0.70 1.40 ± 0.05 7.05 587
N
E
Fig. 6. R-band image of UCD-FORS 2 (Y99025) overlaid with green
contour lines of isophotes with constant surface brightness levels. The
density levels correspond to 2, 3, 5, 10 and 30σ above the background.
The 2 sigma contour corresponds to a surface brightness level of µ =
26.0 mag/arcsec2. Three tidal features are clearly visible in the image.
One extends towards the North-West (lower right) and is above the 3σ
level for all its extension with a small 5σ peak in its middle. The tidal
feature extending towards East (top) is enclosed by the 2σ isophote
with a 3σ peak in the middle. On the northern side of the object (to
the right) there are also clear distortions in the isophote shape visible
which are around 250 pc in extent at the 5 sigma level, and even the
10σ isophote is clearly distorted. The two large tidal tails if measured
from the center of the UCD have an apparent extension of ∼ 350 pc at
µ = 26.0 mag/arcsec2. The white arrow shows the direction towards the
center of NGC 1399.
two large tidal tails, measured from the center of the UCD, have
an apparent extension of ∼ 350 pc, whereas the smaller one in
E
N
NE
Fig. 7. The left image shows the R-band image of UCD-FORS 94. In
the right panel UCD-FORS 7 is shown. Both are overlaid with green
isophote contours of constant surface brightness levels. The density lev-
els correspond to 2, 3, 5, 10 and 30σ with the lowest contour corre-
sponding to a surface brightness level of µ = 26.01 mag/arcsec2.
northern direction is extended to ∼ 250 pc. Anisotropies in the
isophotes are detected up to 10 − σ. The significance of our de-
tection combined with symmetric appearance of two collimated
tails, makes it very unlikely that what we see is a projection or
alignment effect. If this would be faint background features over-
laid on a normal UCD we would expect much rounder isophotes
at 5 and 10σ significance levels and there would be no multiple
tails. In addition the isophotes on the southern side of the UCD
have a much steeper profile than the ones on the northerns side
which extend to larger radii at the same level.
This UCD-FORS 2 is also among those which have a size
above the resolution limit, with a Sérsic half-light radius of reff =
34.68 ± 0.76pc, and a very blue (V − I) colour of 0.96. This
object has been pointed out before by Richtler et al. (2005) for
appearing to have two very faint features and potentially a faint
envelope around it.They also found strong Balmer lines, which
usually indicates the presence of a young stellar population. The
alternative explanation of a very low metallicity is not supported
because of its Washington colour that points to a metallicity of
> −1.3dex.
In figure 7 on the left hand side the R-band image of UCD-
FORS 94 is shown, on the right panel UCD-FORS 7 is displayed.
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Overlaid on both images are the contour levels of constant sur-
face brightness as green lines. We display the 2, 3, 5, 10 and
30σ levels with respect to the background noise level for each
image. The UCD in the left panel shows a strongly pronounced
and extended feature towards South-East. Compared to the tails
of UCD-FORS 2 of image 6 this is a much brighter feature. Al-
ready the 10σ contour level is clearly shaped like a tail-like ex-
tension. Measuring the full extent of the 5σ contour level of this
feature, from the center of the UCD outwards, gives us an appar-
ent size of 230 pc. The surface brightness level of this extension
is higher than expected for a tidal tail. It is possible that we see
a background object in projection. Spectroscopy or high reso-
lution imaging are needed to clarify the nature of this apparent
UCD extension.
The feature we detect at UCD-FORS 7 towards the North-
East has a much lower surface brightness level and a smaller
extension than that of UCD-FORS 94. The full extent of the 5σ
contour along the tail-like feature is 175 pc. This might be a true
tidal tail but spectroscopic confirmation is needed for this target
as well.
In the following we estimate the probability of by-chance
superpositions of low surface brightnes background galaxies on
our UCD sample. For simplicity we assume a poisson distribu-
tion of UCDs and background galaxies. Within the surface area
of our FORS fields we have N1 = 97 confirmed UCDs. We deter-
mined the amount of extended galaxies that could be confused
as tidal tails if perfectly aligned by running SExtractor (Bertin
& Arnouts 1996) on our FORS observations. We restricted the
SExtractor output to objects with an ellipticity ( = 1 − BA ) of
0.2 <  < 1.0 to retain only objects that have a significant elon-
gation. We also set the requirement that the CLASS_STAR (CS)
parameter is CS < 0.5 to only get objects that have been classi-
fied as galaxy-like objects. We set the detection threshold to 2−σ
above the background with a minimum of 10 contiguous pixels
above this threshold. In total we extracted 1205 objects which
could mimic a tidal tail when projected on a UCD-like object.
As a minimum distance within which such a projection might be
confused with a tidal tail we assume r = 2′′ = 0.184kpc. The
combined surface of our FORS fields is Ω = 35.595 · 103kpc2.
The probability to find one such close overlap in our sample is
given as:
P(R < r) = N1 · N2 pi · r
2
Ω
= 0.349 (7)
Thus, the probability of 34.9% for one superposition is not neg-
ligible. However, the probability that all 11 detected tail can-
didates are random superpositions is much lower. Calculating
the binomial probability for two or more random superpositions
within our sample of 97 UCDs is already P=5.09%. For three
and respectively four or more random overlaps among our 11
candidates the probability goes down to P=0.53% and 0.04% re-
spectively. The probability that all 11 detections among the 97
UCDs are random overlaps comes out as P=7.25 · 10−14. Thus
it is virtually impossible that all detected tails are just random
overlaps and it is very likely that the majority of our objects are
detections of true tails around UCDs.
4.2. Globular clusters around UCDs
Another feature we detected frequently in the images of our
UCDs are faint GC candidates,
which are located very close to the main object. In the fol-
lowing we investigate the frequency of close companions within
Fig. 8. In blue the histogram of absolute magnitudes of the 97 UCDs in
the FORS field is shown. In black the histogram of the 19 point sources
we detected within a radius of 300 pc around the UCDs is shown, if we
assume they lie at the distance of the Fornax cluster. The dashed green
line is a Gaussian with peak magnitude MV = −7.3 mag and a dis-
persion σ = 1.23 mag, as measured for the globular cluster luminosity
function of NGC 1399 in Villegas et al. (2010). The NGC 1399 GCLF
is normalized to the number counts of the companions in the magni-
tude bin at MV ' −6.5 mag. The average luminosity of the measured
companion sources is MV = −7.04
.
300 pc radius around each UCD. This radial size is motivated by
the tidal radius of a M = 106M UCD at a pericenter distance of
30 kpc from a host galaxy with M = 1012M:
rtidal = R ·
( m
M
) 1
3
(8)
In total, we found 19 UCDs with a faint companion source that
is closer than 300 pc in projection. This is ∼20% of our total
UCD sample. Notably, four of these objects with companions
belong to those with extended sizes above the resolution limit of
23 pc (UCDs in panels a), d), g), q) in figure 2). For some cases
the object is so close that it blends into the surface brightness
profile of the main UCD, which makes the object appear skewed
and elongated (see e.g. UCDs in the panels a), c), m), n) and
p in figure 2). Fitting a symmetric profile to these objects and
then investigating the residuals shows that there is clearly a faint
point source underneath and that the UCD is not just elongated
in one direction. The second type are those UCDs where the faint
source is well separated from the UCD and the two sources are
clearly distinguishable.
All UCDs from our sample have radial velocities that con-
firm them as Fornax cluster members. As there are no mea-
surements of radial velocities of their faint companion sources
we take a statistical approach to determine if these are poten-
tial globular clusters that are associated with the UCDs. For this
we measured the magnitude of the point sources on the resid-
ual images, where the light of the main UCD was subtracted.
Then we assumed that these objects lie at the distance of For-
nax at (m − M) = 31.39. In figure 8 the histogram of the abso-
lute magnitude distribution of the UCDs is shown in blue and
their companion sources in black. The distribution of compan-
ion sources peaks at MV ' −7.0. Overplotted as green dashed
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Fig. 9. Cutout images of the 19 UCDs which have companion point
sources (red circles) within a radius of r<300 pc. As the cutout im-
ages have varying background levels, the contrast used for display can
slightly vary between the images to enhance the visibility of the com-
panion.
line is the Gaussian fit to globular cluster luminosity function of
GCs around NGC 1399, as derived by Villegas et al. (2010). The
Gaussian has a peak magnitude of MV = −7.3 and a dispersion
of σ = 1.23.
All properties of the UCDs and their companions are given
in table A.1 in the appendix. We also estimated the tidal radius
for each UCD in this sample (column rtidal in table A.1) based on
their projected distance from the center of NGC 1399 and their
magnitudes, with equation 8 given above. We then checked if
our possible companions would lie within the tidal radius of their
host UCD. For that we took the ratio between distcomp/rtidal (see
column 9 in table A.1) which denotes at which fraction of the
tidal radius of this object the companion is located. For 16 out of
19 objects this fraction is below 1.0 which means the companion
candidates are well within the tidal radius. Only for 3 objects (b,
j, l) the companions are actually outside of the predicted tidal
radius. Thus if these companions are associated with the UCD it
is likely that they are still bound to it.
We also checked if any of the companion GC candidates was
detected by the Dirsch et al. (2003) observations. We found that
the GC candidate from panel b) at the bottom of the frame was
indeed detected and has a colour of C − T1 = 1.60. In the colour
magnitude space this puts it at the border between “blue" and
“red" GCs at C − T1 = 1.55.
5. Spatial clustering of GCs around UCDs in the
halo of NGC1399
5.1. The globular cluster system around NGC 1399
To study the statistics of globular cluster clustering around
UCDs we use the catalogue of globular clusters around
NGC 1399 by Dirsch et al. (2003). The catalogue contains 10457
point sources. It was obtained using wide-field Washington pho-
tometry. We defined GCs as point sources in the colour range
1.0 < C − T1 < 2.3. To avoid any incompleteness we further re-
stricted the GC sample to point sources of T1 < 23.5, for which
the data are still complete. Since the completeness depends on
the object’s colour, an additional colour dependent magnitude
cut was applied similar to the original work, given as:
Tcut < −0.935 · (C − T1) + 24.69 (9)
In order to avoid any duplications with the UCDs we exclude all
objects that have masses above M = 106M. For the mass calcu-
lation of the GC candidates we applied the same simple stellar
population models (SSP) from Maraston (2005) as used in sec-
tion 3.1 for the UCDs to their Washington photometry, assuming
an age of 13 Gyr, a Kroupa (2001) initial mass function (IMF)
and a red horizontal branch.
Applying all selection criteria leaves us with a total of 2884
globular cluster candidates. In figure 12 we show the central area
of the Fornax cluster with the spatial distribution of these GCs
(black dots) and the UCDs (red), respectively.
For our statistical analysis on the spatial distribution of the
GCs we need to take into account the incomplete areas of the
wide-field imaging. In figure 12 the borders of incomplete ar-
eas and gap regions are shown as dashed lines. For any statis-
tical analysis we have created a spatial incompleteness mask
that determines which fraction of any given surface area is in
the incomplete area. Thus we can statistically correct the num-
ber of GCs per surface unit. The green areas around the center of
NGC 1399 are also masked out because of the incompleteness of
the GC sample so close to the center of the main galaxy. For the
two neighbouring galaxies NGC 1404 and NGC 1387 the green
masking boxes are chosen generously, to avoid any contamina-
tion of the radial distribution of NGC 1399 GCs by the GC pop-
ulations of these neighbouring galaxies.
The final incompleteness mask combined with the dataset
makes it possible to apply very accurate geometrical incomplete-
ness corrections to the number of objects contained in each an-
nulus.
We analyse the projected surface number density of globu-
lar clusters (black dots) around NGC 1399 as function of their
galactocentric distance to NGC 1399. For that we adopt bins be-
tween 10 and 110 kpc with a spacing of 3 kpc. At radial distances
r < 10 kpc the density profile of the GCs flattens out (see black
points in figure 10) due to incompleteness caused by the very
bright center of NGC 1399. At distances of r > 110 kpc the num-
ber counts are too low and there is contamination by background
objects and GCs of neighbouring galaxies. The number of GCs
in each bin was corrected for geometrical incompleteness as ex-
plained above. The completeness corrected number of GCs is
then divided by the surface area in physical units of kpc2 to ob-
tain the projected surface density Σ(r) of globular clusters, which
is plotted in figure 10. The same procedure has also been done
for the UCD sample located in the same wide-field and is shown
as blue data points in figure 10. As the absolute surface density
of UCDs is an order of magnitude smaller, the absolute density
values of the UCDs (green) in figure 10 were scaled by a factor
10. This makes it easier to compare the slopes of both popula-
tions.
The radial surface density distribution of GCs was then fit-
ted with a power law, given as: Σ(R) = (R/a0)n, where Σ is the
number of GCs per square kpc and R is the radial distance in
kpc. The fit was restricted to 10 < R < 110 kpc in galactocentric
distance as shown by the two dashed vertical lines in figure 10.
The resulting powerlaw fit is shown in figure 10 as red line
with the measured density values shown as black dots. The cen-
tral value of our power law fit is a0 = 10.25 whereas the index
we derive is n = −1.36, which is shallower than the n = −1.61
derived by Bassino et al. (2006). This is not surprising since
Bassino et al. (2006) defined the slope after subtracting back-
ground counts.
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Fig. 10. Projected surface density distribution of all selected globular
clusters as function of their galactocentric distance to NGC 1399. The
red line shows the best powerlaw fit with an exponent of n = −1.36. The
background level was marked with a black horizontal line. The vertical
dashed black lines show the radial interval to which we restricted our
fit. In green the radial distribution of the confirmed UCDs is shown. As
their absolute radial density is an order of magnitude smaller than the
GCs, their density is scaled up by a factor of 10 for better visibility in
the plot.
We also derived the radial surface density distribution for the
blue 1.0 < C − T1 < 1.55 and red 1.55 < C − T1 < 2.3 GCs
of our sample as shown in figure 11. The squares in red and
blue, respectively, show the measured surface density for each
radial bin with their corresponding poisson errors. We choose
C − T1 = 1.55 as limit for splitting the GCs into a red and blue
subpopulation, as Bassino et al. (2006) have shown that there is
a dip in the bimodal colour distribution at this colour.
It is clearly visible from figure 11 that the red GC popula-
tion has a steeper density profile than the blue GCs. The slope
of the red GCs is nR = −1.74 whereas the blue GCs follow a
powerlaw with nB = −1.19. The shallow profile of blue GCs
and the stronger radial concentration of the red GC population in
NGC 1399 is in agreement with what has been shown in Bassino
et al. (2006).
5.2. Spatial correlation of GCs with UCDs
In this section we explain the search for spatial correlations of
GCs around UCDs. A positive correlation might be expected if
UCDs originate either from stripped nuclei of galaxies with their
own globular cluster systems of from merged star cluster com-
plexes with remnant clusters around them.
The stripped nuclei scenario is a viable formation channel
in galaxy clusters as has been shown by Pfeffer et al. (2014).
The reasoning for finding correlation signatures is the follow-
ing: luminous dwarf galaxies, and in particular nucleated dwarf
galaxies, are known to host their own GC system (e.g. Lotz et al.
2004; Georgiev et al. 2009). When a dwarf galaxy falls into a
large cluster of galaxies it starts to experience tidal forces and its
tidal radius shrinks.
Through the tidal interaction with the cluster, the GCs resid-
ing outside the shrinking tidal radius are lost and disperse into
the general GC population of the central cluster galaxy, whereas
Fig. 11. Projected surface density distribution of all selected globular
clusters as function of their galactocentric distance to NGC 1399. The
red line shows the best fit powerlaw to the red globular clusters with an
exponent of n = −1.74 whereas the blue line shows the best fit powerlaw
to the blue GC population which has a more shallow slope of n = −1.12.
The two short horizontal lines show the respective background levels
used for the statistical correction of our signal. The dashed black lines
show the radial interval to which we restricted our fit.
GCs inside the tidal radius can remain bound to the core of the
dwarf galaxy for a long time (Muzzio 1986).
One of the scenarios suggested for the formation of nu-
clear star clusters (NSCs) is that massive globular clusters
merge towards the center of their host galaxy via dynamical
friction in less than a Hubble time. (Tremaine et al. 1975;
Capuzzo-Dolcetta 1993). This process is especially efficient
in dwarf galaxies. Recently, Arca-Sedda & Capuzzo-Dolcetta
(2014) have computed, in a statistical approach, the number of
surviving clusters around a galaxy and their mean mass, after a
full Hubble time of dynamical friction. For dwarf galaxies with
M = 109M one expects 80% of the original globular clus-
ter population to have merged with the nucleus via dynamical
friction, and the mean mass of the remaining GC population is
M = 105M.
Recent mergers of star clusters in star cluster complexes can
host a variety of substructure in the form of faint envelopes, tidal
tails and non-merged companion GCs (eg. Brüns et al. 2011;
Fellhauer & Kroupa 2005; Brüns et al. 2009). Whereas in some
simulations of UCD-like objects the surrounding GC compan-
ions have merged into the central object within the first Gyr
(Brüns et al. 2011), and thus the merging process has finished,
other simulations of lower mass star cluster complexes suggest
that some member star clusters still can be identified as substruc-
tures up to 5 Gyr after the onset of merging. Thus, depending on
the initial conditions of the merging star cluster complex, we
might expect to find companions around it for several Gyr after
its formation.
In the following we test if there is a statistical overabundance
of globular clusters in close proximity of UCDs, as we expect
such a signal for the inwards migration of GCs within a disrupt-
ing nucleated dwarf galaxy as well as for a merged super star
cluster complex. The main discriminator between both cases is
the age of the UCD, as substructure in star cluster complexes has
only been shown for ages of 5 Gyrs.
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Fig. 12. The central area of the Fornax cluster is shown. The globular
clusters are denoted as blue dots, UCDs as red dots and NGC 1399 as
well as two neighbouring galaxies are shown as coloured plus signs.
The dashed black lines mark the borders of the CCD chips and gap areas
of the globular cluster sample. For our statistical studies these will be
masked out. The green areas are the ones that will also be masked out
in the final study because they host their own GC population. The small
green circle locates the position of the UCD with 4 neighbouring GC
candidates which is shown in figure 14 in close up.
We can use the radial GC density of NGC 1399 which we
determined in the previous section as proxy for the GC den-
sity we expect at any given radial distance to the main galaxy.
We then determine the local GC density around the UCDs and
compare it with the expected value from the global distribution.
This derived density ratio between expected and measured den-
sity shows if we have any significant clustering of GCs around
UCDs for single objects and the full sample.
In our statistical study we include 206 UCDs from the orig-
inal sample, which lie within the Washington photometry area
and are more massive than M > 106M. Their spatial distribu-
tion is compared to the 2884 GC candidates from the Washing-
ton photometry sample which have masses less than M < 106M
and also fulfill the colour selection criteria for GCs (see previ-
ous section). The green areas in figure 12 are excluded for being
too close to a bright center of a galaxy and the chip gap areas,
indicated by dashed black lines, are also excluded because.
To determine the local density of GCs around UCDs we
used the same method as for the large scale distribution. In ring
shaped apertures around the UCDs we determined the GC sur-
face density for 8 radial bins from 0.5 kpc up to 4 kpc with a
spacing of 0.5 kpc. The surface area of each annulus is com-
pleteness corrected if a part of it lies in the area that is masked
out. The measured surface density Σmeasured of GCs around each
UCD in each radial bin is then compared to the density we
would expect at this position of the UCD from the derived
large scale GC distribution (see figure 10 and 11). The ex-
pected and measured GC density distribution are both statisti-
cally background corrected before the clustering signal is cal-
culated. For the full population and the red and blue subpopu-
lation we derive the following background GC densities from
figure 11: Σ0(All) = 0.026kpc−2, Σ0(Blue) = 0.026kpc−2 and
Σ0(Red) = 0.0073kpc−2.
After deriving the clustering ratio Σmeasured/Σexpected for each
single UCD we average the clustering ratios for our full sample
at each radial bin. The errorbars refer to the standard deviation of
the clustering signals, divided by the square root of the number
of UCDs we have averaged. The same statistical procedure was
applied to the blue and red GC subpopulations separately, where
the expected GC surface density was taken from the colour sep-
arated profiles shown in figure 11.
The two black circles in figure 12 show the area between 10
and 110 kpc of galactocentric distance to which we restrict the
positions of the UCDs for which we do the statistical clustering
study. This is the radial range within which the measured radial
GC density profiles do not deviate much from the power law (see
figure 10). At larger radial distances the noise in the surface den-
sity of the global distribution is too high and in the central areas
below 10 kpc the surface density profile flattens out, due to ob-
servational incompleteness caused mainly by the bright central
parts of NGC 1399.
In the top panel of figure 13 the clustering results are shown
for all the 206 UCDs that we included in the statistical sample.
As we do not expect all UCDs to have a remnant GC nearby
we also studied the subset of UCDs that have an object within
1 kpc. In total 100 UCDs, which is close to half of the studied
sample, have a GC candidate within 1 kpc of radius. The cluster-
ing results of those UCDs are shown in the lower panel of figure
13. In both panels of this figure, the average clustering signal C
for the full GC population is shown as green triangles, and the
results for red and blue GC subpopulations in their respective
colors. The numeric results of the bottom panel are also summa-
rized in table 3, showing the average clustering signal for each
population with their errorbars, as well as the sigma significance
of this signal. As a comparison, the spatial autoclustering of the
2884 GCs is shown as black datapoints in figure 13.
For the clustering signal of all UCDs we find an increasing
overdensity of GCs towards smaller distances below 1 kpc. At
the smallest radial bin we find that the average UCD has 1.5
times more GCs within 500 pc than we would expect from the
underlying distribution. Due to the high scatter in this average
this results in a 2σ statistical significance for the smallest bin.
The color separated clustering signals show that for the red GCs
C is compatible with 1, which implies no particular overabun-
dance with respect to the expected values. The high scatter is
an indication though that, although some individual UCDs have
clustered red GCs, this is not the case on average. The blue
(metal-poor) GCs show a higher abundance around UCDs than
their red counterparts in the two inner bins. The statistical sig-
nificance at 1.0 kpc is 1.5σ.
Looking at the clustering signal of the 100 UCDs with a GC
candidate within 1 kpc (bottom panel of figure 13), we see a clear
clustering signal that distinguishes this UCD population from the
autoclustering signal of GCs (black dots) at a very high signif-
icance. The clearest clustering signals we find for the 0.5 and
1 kpc radial bins of this sample. The detected overabundance of
GCs around these UCDs has a statistical significance of 3.7σ for
the two smallest bins (see green triangles in bottom panel of fig-
ure 13 and table 3). This clustering signal increases for the blue
GCs and decreases for the red GCs, if we compare the clustering
of the red and blue subpopulations separately. The blue subpop-
ulation shows an even higher clustering of C = 4.64 at 0.5 kpc
compared to the red population with C = 2.62. In other words,
blue, and thus most probably metal-poor GCs, are on average
4.6 times more abundant within 0.5 kpc of a UCD than what we
would expect if the blue GCs were randomly distributed. Also,
for the blue GCs the significance of the clustering is at 3.36σ.
Red GCs are on average also more abundant around UCDs up
to 1 kpc but only half as much as the blue GCs, and due to the
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Table 3. Summary for the clustering signals of GCs around UCDs, for the 100 UCDs which have a GC candidate within 1 kpc. The clustering
check has also been subdivided into just looking at the red and blue GCs.
Radial bin [kpc] C σ Cred σred Cblue σblue
0.5 3.60 ± 0.70 3.70 2.62 ± 1.62 0.99 4.64 ± 1.08 3.36
1.0 3.79 ± 0.76 3.69 2.97 ± 1.50 1.31 5.27 ± 1.46 2.92
1.5 0.92 ± 0.15 -0.53 0.43 ± 0.46 -1.24 0.97 ± 0.23 -0.13
2.0 0.96 ± 0.19 -0.18 0.59 ± 0.49 -0.84 1.05 ± 0.28 0.16
2.5 0.64 ± 0.10 -3.31 0.22 ± 0.44 -1.75 0.67 ± 0.16 -2.09
3.0 1.19 ± 0.43 -0.45 0.55 ± 0.48 -0.95 1.64 ± 0.90 0.71
3.5 0.94 ± 0.15 -0.38 1.32 ± 1.01 0.31 0.96 ± 0.16 -0.25
4.0 0.98 ± 0.10 -0.15 6.54 ± 5.37 1.03 0.96 ± 0.16 -0.26
small number statistics for the red subpopulation their numbers
have significantly larger errors and much lower sigma values. All
the statistics for the bottom panel are also summarized in table 3.
In the radial bins larger than 1 kpc we do not find any significant
clustering signals.
We note that this is an average clustering value for all UCDs.
Single objects can be still located within local over- or under-
densities of GCs but if the averaged ratio is significantly higher
than 1.0 it means that there is a systematic deviation of the sur-
face density of GCs in the vicinity to UCDs from what we would
expect from the large scale distribution around NGC 1399.
We also checked for significant GC clustering at large radii.
For statistical studies the noise in the radial GC distribution
(see fig. 10) can dilute an average signal. But for single UCDs
highly significant clustering can still be detected. We found
one UCD (blue circle in figure 14) with four GC candidates
(green circles) within 1 kpc radius (red circle). This UCD is
located at RA= 03:38:30.768 and Dec =−35:39:56.88, 85 kpc
south of NGC1399. All 4 GC candidated lie well within the
estimated tidal radius from equation 8 given as rtidal=1.36kpc,
which is shown as red circle. The GC density around this UCD
is Σ = 1.27kpc−2 although we only expect ∼ 0.04kpc−2 at these
radial distances. Thus this is larger by a factor of ∼ 32 than what
would be expected from a simple radial distribution of GCs in
the halo of NGC 1399. In addition, all four GC candidates would
belong to the blue (metal-poor) GC population if they are Fornax
members, with an average of C − T1 = 1.37. The UCD itself has
a red color of C − T1 = 1.82. This is in good agreement with our
finding for the UCDs within 110 kpc, for which the blue GCs are
more clustered around UCDs than the red ones (see fig. 13). The
position of this UCD in the outskirts of the halo of NGC 1399
and its associated blue GC population make it a prime target for
an infalling, nucleated dwarf galaxy in its early stages of disrup-
tion, where the original GC system might still be partially intact.
However, it is very puzzling that no faint stellar envelope of tidal
features have been found around this UCD. We will come back
to this in the discussion.
6. Discussion
6.1. Surface brightness profiles of UCDs and their scaling
relations
One of the possible theories of UCD formation is that some of
them are the remnant nuclei of larger dwarf ellipticals, being
stripped of their stellar envelope through tidal interactions (e.g.
Bekki et al. 2003; Drinkwater et al. 2003). In Pfeffer & Baum-
gardt (2013) the trajectories from simulations in the size-mass
plane of such a process were shown. After being tidally stripped,
they end up with sizes and magnitudes of UCDs, effectively hav-
ing to cross the empty region in between the galaxy and the star
cluster branch. Although it is noteworthy that these are ideal-
ized simulations which do not include a dark matter halo for the
satellite galaxy, and thus apply only to galaxies that have already
lost the majority of their dark matter. In section 3.4 we posed
the question why do we not see more objects in between both
branches being currently transformed if these objects are formed
by tidal stripping? The predicted timescales of 2-3 Gyrs for such
a stripping process are not too short compared to a Hubble time
to observe a certain fraction of these stripped galaxies during the
process. This, of course, depends on the number of nucleated
dEs available that are on the right disruptive trajectories within
the galaxy cluster and on the timing of disruption events. Most
probably, the majority of accretion events happened during the
violent early phases of the galaxy cluster assembly.
In any case, for those UCDs that are the remnants of tidally
stripped dwarf galaxies we expect that the overall size and lumi-
nosity of the disrupting dwarf galaxy will be decreased by the
stripping of the faint stellar envelope that is left around the nu-
clear cluster. Most surface brightness distributions of the UCDs
we found are well fitted with a Sérsic index between 2 < n < 6.
Most dEs obey an exponential n = 1 surface brightness profile
(when excluding the nuclear star cluster), whereas compact el-
lipticals and giant ellipticals usually require more centrally con-
centrated profiles with n = 4. One explanation for this central
concentration of the UCD profiles could be that we see a super-
position of the centrally concentrated nuclear star cluster (NSC)
and the remains of the stellar envelope. While the stellar enve-
lope is getting fainter and fainter during stripping, the luminosity
from the NSC starts to dominate the profile more and more, and
thus causes a more centrally concentrated light profile.
Another possibility which could cause the appearance of
faint envelopes around UCDs is the merging of star cluster com-
plexes into one extended UCD. In Brüns et al. (2011) it has been
shown with a numerical model that the products of such merg-
ers at large galactocentric distances can have effective radii up to
80 pc. In Fellhauer & Kroupa (2005) the evolution of the surface
brightness profiles of merging stellar superclusters are shown.
Within the first 500 Myrs such a star cluster complex can ex-
hibit faint halo-like features up to a few hundred pc of distance.
In their work they also followed the evolution of two super star
cluster over 10 Gyrs. The initially relatively bright halos at 25-
26mag/arcsec−2 decrease quickly in size and surface brightness.
After 10 Gyrs the faint envelope components have decreased
to a surface brightness of 28-32 mag/arcsec−2 at the maximum
extension of ∼100 pc. In addition, Fellhauer & Kroupa (2005)
showed that after evolving for 10 Gyr these merged star cluster
complexes are rather resembling the faint fuzzy star clusters than
UCDs. Thus the origin of these faint envelopes from merged star
clusters is rather unlikely, as none of our UCDs with envelopes
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Fig. 13. In the top panel the average clustering of GCs around UCDs at
different radial bins from the UCDs for the full GC population (green)
and the red and blue subpopulations are shown. The black data points
are the comparison with the autoclustering of the GCs with themselves
as a baseline. The clustering signal at each radial bin is the ratio between
measured surface density and expected surface density of globular clus-
ters from the large scale distribution, at different radial distances from
the UCDs. The black line denotes the null level at which we have no
clustering signal compared to what we expect. We averaged the clus-
tering signal for each respective radial bin over the full probed sample
of 206 UCDs. Bottom panel: Here we show the same plot for the 100
UCDs for which we found a GC candidate within r < 1 kpc. Note the
different scaling of the two y-axis.
show any signs of very young ages (<1 Gyr) where a super star
cluster envelope would still be bright enough to be detected.
The predicted envelope magnitudes at 28-32mag/arcsec−2 for
a 10 Gyr old star cluster complex are several orders of magni-
tude fainter than the µ=26 mag/arcsec−2 envelopes we found. Of
course, this does not exclude that several of the UCDs without
detectable envelopes originated from merged star cluster com-
plexes.
When we decomposed the UCD light profiles in a King core
component and a Sérsic envelope we found that the Sérsic in-
Fig. 14. The blue circle marks the UCD with the original name Y4289
(Richtler et al. 2008), which is a confirmed member of Fornax. The
UCD itself has an absolute magnitude of MV = −10.3 and a color of
(V − I) = 1.21 ± 0.05. The four surrounding GC candidates Dirsch
et al. (2003) are shown with green circles and they are labeled with their
respective C − T1 colors. A circle with a radius of 1.36 kpc, centered on
the UCD, is shown in red. This circle marks the estimated tidal radius
from equation 8. The cutout has been taken from the wide field VST
Fornax survey imaging (Iodice et al. in prep.)
dex of the envelopes takes values of n < 2, which resembles
more closely what is found for surface brightness profiles of
dwarf ellipticals. In the size-magnitude diagram these remnant
envelopes, if regarded as isolated components, are located in the
empty area between the galaxy and star cluster branch, which
exactly is the transition area Pfeffer & Baumgardt (2013) predict
for dEs that are being stripped.
An argument against UCDs being the nuclei of stripped
dwarf galaxies is the location of the red extended UCDs on the
color magnitude diagram. While blue extended UCDs agree well
with the established nuclei locations in the CMD, the red UCDs
are significantly fainter than what is expected from a galaxy nu-
cleus.
The stripping scenario is also supported by the three works
that found double profiles for individual UCDs (Evstigneeva
et al. 2007; Chilingarian et al. 2008; Strader et al. 2013). Their
core components resemble the scaling relations of nuclear star
clusters, whereas the envelopes lie in the previously empty tran-
sition area between the galaxy and star cluster branch. But,
as mentioned before, envelopes are also a transient feature of
merged star cluster complexes.
6.2. Tidal features
We examined our sample of confirmed UCDs for direct observa-
tional evidence of ongoing tidal stripping as possible proof for
the transformation of a dE galaxy into a UCD or the tidal disrup-
tion of a super star cluster. We found extended features around
11 UCDs with apparent sizes between 100 and 350 pc. UCD-
FORS 2 shows the clearest evidence for a tidal feature, with two
tails detected at 3σ-level above the background, which have an
apparent extent of 350 pc. The theoretical tidal radius for this ob-
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ject is given as 444 pc for its distance of 33.34 pc to NGC 1399,
and is thus only slightly larger than the observed tidal features.
For an object of this luminosity a tidal radius of 130 pc would
be reached at a pericenter distance of 10 kpc. The 11 UCDs with
extended features account for 11.3% of the total population we
analyzed in detail.
In Pfeffer et al. (2014) the number of stripped nuclei within
R < 83 kpc and masses M > 2 · 106M for the central parts
of the Fornax cluster is predicted to be nnuclei = 11.6+5.7−4.9. When
we scale this value to the total surface of our three FORS fields
we get a prediction of nnuclei = 19.07+9.4−8.1 stripped nuclei in
our observing fields. This is marginally consistent with our 11
UCDs with possibly direct evidence for tidal features. However,
there are several factors to be considered when comparing those
two numbers: 1) Some of our detections might be by-chance
superpositions of low surface brightness background galaxies,
although the calculated probability for that is very low. 2) Be-
cause tidal features are of low surface brightness, the number of
UCDs with stripping evidence would rise if we were able to ob-
serve deeper. Our observations were able to detect tails down to
a limiting surface brightness of µ = 26 mag/arcsec2. In Pfeffer &
Baumgardt (2013) the simulated envelopes reach this magnitude
level after being stripped for 700 Myrs. Thus we miss stripping
events that started more than ∼1 Gyr ago. It is interesting to note
that the surface brightness levels of the envelopes can act as sort
of “clock" for the disruption processes, giving hints on the age
since the tidal disruption started. In this respect, our determined
fraction of nuclei remnants puts a lower limit on the contribution
of the tidal stripping as formation channel for UCDs. 3) Tidal
tails only occur during the actual stripping period, which lasts
of the order 2-3 Gyr. In combination with our surface bright-
ness limits this implies that the tidal tails are only observable
during a very short time window of the stripping process. Since
disruption events are distributed all over the galaxy cluster evo-
lution time, and probably were more common during the main
galaxy cluster assembly several Gyr ago, one expects to see only
a small fraction of ongoing disruption events nowadays. Pfef-
fer et al. (2014) estimate that about 5% of the available stripped
nuclei candidates started stripping less than 2 Gyr ago, which
would mean that only one event should be seen within our FORS
fields. Maybe UCD-FORS 2 is the ’lucky’ smoking-gun.
Taken all factors together we can only state that the low
number of observed tidal features at the given surface bright-
ness limit, <11 out of 97 UCDs, is not in contradiction with the
expected number of stripped nuclei from simulations. In terms
of contamination it is an upper limit for recently stripped dE,Ns,
in terms of the total number of stripped nuclei it is a lower limit.
An alternative explanation for the appearance of the tail-like
structures around UCD-FORS 2 is that this object is a high mass
globular cluster or a merged super star cluster that is currently
being disrupted. The Galactic GCs Palomar 14 (Sollima et al.
2011) and Palomar 5 (Odenkirchen et al. 2001) show tidal fea-
tures of comparable size and symmetry to our object. It has to
be noted, however, that both Palomar clusters have masses of
M' 104M, whereas our object is by a factor of 1000 more mas-
sive (∼ 107M) at a comparable half-light radius. To strip stellar
material from such a compact object requires a much stronger
tidal field. The intermediate-age stellar populations detected in
UCD-FORS2 (Richtler et al. 2005) might be hint that this UCD
originated from a super star cluster complex that was formed a
few Gyrs ago. On the other hand a youngish age would also be
expected for a nuclear star clusters that was build up by recurrent
star formation from infalling gas.
Based on our evidence we cannot clearly distinguish if this
object is a massive globular cluster being stripped or the remnant
of a nucleated galaxy. Although the high stellar density makes
direct stripping very difficult, the Balmer lines and metallicity
detected for this object in Richtler et al. (2005) point to the pres-
ence of a younger stellar population, which agrees well with a
stripped GC complex. In any case, this is the first time that a sig-
nificant tidal tail has been discovered around a UCD-like object
of this magnitude.
6.3. Spatial correlation of UCDs with globular clusters
In our statistical search for signatures of spatial clustering of
GCs around UCDs within 10 to 110 kpc from NGC 1399, we
found a local overabundance of GCs on scales of 0.5 to 1 kpc
around UCDs when compared to the global abundance of GCs
in the halo. In total 48.5% of our UCDs have an overdensity of
globular clusters around them within 1 kpc. Thus, it appears that
UCDs can be divided into two distinct populations: 1) UCDs that
harbour a population of close-by satellite points sources, most
probably low mass star clusters; 2) UCDs that have the same
statistical clustering properties as ’normal’ globular clusters.
One possible explanation for the clustering signal of GCs
around UCDs could be that UCDs formed as nuclei of a dwarf
galaxy that harboured its own GC system. What we see is the
remnant GC population of the ancestor galaxy before it was
stripped to its nucleus. The observed clustering is expected in
a scenario in which globular clusters merge towards the cen-
ter of the galaxy via dynamical friction in less than a Hubble
time. In particular, the dynamical friction timescale is short-
est for the most massive globular clusters of a dwarf galaxy.
Thus in a migratory-merger model, high mass GCs would spiral
into the nucleus first as they have dynamical friction timescales
of τ < 10 Gyrs. Evidence of this process is provided in Lotz
et al. (2001) who found a deficit of bright GCs in the central
parts of dE galaxies. Their sample of dwarf galaxies between
−12 > MV > −16 have their own GC population between 0-
25 GCs per dwarf galaxy. This low number of observed GCs in
a dwarf elliptical combined with the models of Arca-Sedda &
Capuzzo-Dolcetta (2014) leads to the prediction that a galaxy
of M = 109M mass loses 80% of it’s GC population over a
Hubble time via dynamical friction, thus the observed number
of GCs in old and potentially stripped objects should be fairly
low, between 0-5 GCs. Even considering that a galaxy, which
experienced strong mass loss after tidal stripping, has lost 95%
of its original mass, the remaining 5% are still enough to harbour
the NC, a companion GC and a faint remnant envelope.
In the literature, there are some examples of nucleated dwarf
galaxies that possess only a few GCs (Georgiev et al. 2009,
2010). Recently, Karachentsev et al. (2015) discovered a faint
dwarf spheroidal, MB = −10.8 that contains a central globular
cluster with an extended faint stellar halo around it. Such objects
might be the progenitors of the extended UCDs we find. The
globular clusters around dwarf galaxies are in majority metal-
poor and old, thus have a blue (V − I) colour. Since the ob-
served clustering signal is strongest for the blue GC subpopu-
lation, this strengthens the view that some UCDs with blue com-
panions are the stripped nuclei of metal-poor (dwarf) galaxies.
This notion is also supported by object Y4289 for which we
found 4 very blue (probably metal-poor) GCs within a radius
of 1 kpc and a red central UCD. The position of this UCD in
the outskirts of the halo of NGC 1399 and its associated blue
GC population make it a prime target for an infalling, nucleated
dwarf galaxy where the original GC system might still be par-
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tially intact. The large colour difference between the red nucleus
and the blue GCs shows that the more metal-rich nucleus must
have been metal-enriched through several SF episodes and most
likely did not form similar to its surrounding metal-poor GCs.
Alternatively, if this object is the result of a merger of a super star
cluster complex, the blue colours of the surrounding GCs could
be interpreted as youngish ages. But then one would expect that
the central merged object (UCD) has the same colour, except it
had been enriched in metals during the violent formation in the
central part of the super star cluster complex. Nevertheless it is
puzzling that assuming these are the remnant GCs of a disrupt-
ing dwarf galaxy, that we do not see a remnant stellar envelope.
In our search for stellar envelopes we have a surface brightness
limit of 26 mag/arcsec−2 and potential envelopes could be well
below our detection limit, although bright dEs would have sur-
face brightness of ∼ 23-25 mag/arcsec−2.
A very different explanation for GC clustering around UCDs
could be the temporary capture and focussing of GCs by the po-
tential well of a UCD that is moving through the halo of a large
galaxy. The typical tidal radii for a 106M UCD in a galaxy like
NGC 1399 is given as 300 pc, 700 pc and 900 pc for distances of
30, 50 and 70 kpc to the center of the galaxy respectively. In this
scenario, UCDs can keep objects bound for a considerable time
if their pericenter passage is not too close to the central galaxy
and if they move in a similar phase space as the surrounding
GCs, which would be the situation for a super star cluster com-
plex with others cluster formation around it. In the outskirts of a
halo like NGC1399 the tidal radius of an UCD can grow up to
1 kpc or larger and is in good agreement with the radial scale on
which we find the clustering signal.
An alternative explanation for the clustering of GCs around
UCDs could be that those UCDs initially formed in a star cluster
complex that then subsequently merged to create a UCD (see e.g.
Fellhauer & Kroupa 2002; Brüns et al. 2009, 2011). Massive star
cluster complexes are common in gas-rich mergers (e.g. The An-
tennae, Whitmore et al. 1999). The overdensites of star clusters
around the merged super star cluster then are the remnants of this
process. In the simulations of Brüns et al. (2011, 2009) they pre-
dict that these kind of star cluster complexes would merge within
1 Gyr, although in some cases substructure can last up to 5 Gyr
in their simulations. Thus, in order to still detect a remaining GC
of this complex, which has not merged yet, the UCD and its sur-
rounding GCs would have to have rather young ages and prob-
ably a high metallicity. Currently, spectroscopic observations of
UCDs and GCs in Fornax indicate that most of them have an
age older than 8 Gyr (Mieske et al. 2006). Some Fornax UCDs
(Chilingarian et al. 2011, Chilingarian et al. 2008, Richtler et al.
2005), however, show intermediate ages, which could resemble
a recently merged super star cluster complex. In contrast to the
star cluster scenario, the majority of the companion GCs around
UCDs are most probably metal-poor (see above) which points to
a dwarf galaxy origin. Thus, we consider both the cluster com-
plex merger scenario and the tidally stripped nucleated galaxy
scenario as viable formation channels for Fornax UCDs with
companion objects, and to discriminate between them one has
to carefully compare the metallicities and ages of the nuclei and
the companions.
In conclusion, we interpret the structural parameters of the
studied UCDs and their faint envelopes as well as the discovered
tidal features as indication that the stripping of a dwarf galaxy is
a viable formation channel of at least a fraction of UCDs. Ho-
mogeneous and deep observations targeted on finding and con-
firming the tidal features and improving the sample of UCDs
with detailed structural parameters are necessary to draw defi-
nite conclusions about their origins and the contribution of each
formation channel to the number counts of UCDs.
For the clustering of GCs around UCDs, it is important to
confirm our finding with larger datasets in other galaxy clus-
ters. The association of UCDs and their companion GCs can be
probed by radial velocity and stellar population measurements.
This is one of the key observations to distinguish whether these
objects are in fact the remnants of disrupted galaxies or the rem-
nants of merging star clusters.
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Table A.2. Here those UCDs from the original sample of 97 in the FORS fields
are shown, which are not yet lister in table 1 or as a companion hosting UCD
in table A.1. Column one gives their running name in our notation, column to
their alternative name from the literature, which follow the same convention as
explained in table 1. Column 3 and 4 give the R.A. and Dec. of the UCDs. In
column 5 and 6 the V-magnitudes as well as V-I colors are shown.
Name Namealt R.A. DEC. VUCD (V − I)
(h:m:s) (◦:’:”) (mag) (mag)
UCD-FORS 3 1_2103 3:38:57.38 -35:24:50.8 20.82 ± 0.11 1.14 ± 0.07
UCD-FORS 5 1_064 3:38:49.78 -35:23:35.5 20.99 ± 0.08 1.18 ± 0.05
UCD-FORS 6 76.059 3:38:46.90 -35:23:48.8 21.10 ± 0.08 1.01 ± 0.08
UCD-FORS 7 75.085 3:38:50.40 -35:22:07.7 21.46 ± 0.08 1.23 ± 0.08
UCD-FORS 8 Y5100 3:38:48.93 -35:21:22.6 21.73 ± 0.10 1.36 ± 0.05
UCD-FORS 9 78.070 3:38:42.48 -35:26:12.5 21.88 ± 0.09 1.20 ± 0.05
UCD-FORS 10 UCD41 3:38:29.04 -35:22:56.6 19.98 ± 0.07 1.16 ± 0.04
UCD-FORS 11 0_2030 3:38:28.34 -35:25:38.3 20.08 ± 0.11 1.10 ± 0.05
UCD-FORS 12 Y446 3:38:30.72 -35:24:40.7 21.01 ± 0.10 1.03 ± 0.06
UCD-FORS 14 1_058 3:38:39.31 -35:27:06.5 20.72 ± 0.15 1.08 ± 0.13
UCD-FORS 15 AAT38 3:38:37.97 -35:23:33.0 20.90 ± 0.10 1.19 ± 0.13
UCD-FORS 16 0_2074 3:38:35.66 -35:27:15.5 21.03 ± 0.12 1.11 ± 0.07
UCD-FORS 17 76.080 3:38:40.99 -35:22:41.9 21.27 ± 0.08 1.15 ± 0.07
UCD-FORS 18 Y4735 3:38:40.24 -35:21:33.2 21.48 ± 0.15 1.15 ± 0.07
UCD-FORS 19 K1044a 3:38:40.20 -35:27:00.7 21.30 ± 0.08 0.89 ± 0.05
UCD-FORS 21 Y4654 3:38:38.75 -35:25:42.9 21.64 ± 0.04 1.17 ± 0.06
UCD-FORS 22 UCD27 3:38:10.34 -35:24:06.1 19.70 ± 0.11 1.10 ± 0.06
UCD-FORS 23 Y99071 3:38:08.64 -35:23:51.8 22.02 ± 0.10 4.89 ± 0.04
UCD-FORS 24 80.056 3:38:19.73 -35:23:40.6 20.66 ± 0.09 0.97 ± 0.08
UCD-FORS 25 0_2032 3:38:30.22 -35:21:31.0 20.86 ± 0.08 1.04 ± 0.08
UCD-FORS 26 81.049 3:38:08.35 -35:23:56.0 22.12 ± 0.53 1.02 ± 0.24
UCD-FORS 27 81.041 3:38:07.06 -35:24:28.8 21.60 ± 0.08 1.26 ± 0.06
UCD-FORS 28 81.098 3:38:07.66 -35:20:51.4 21.93 ± 0.07 0.94 ± 0.05
UCD-FORS 29 81.066 3:38:06.31 -35:22:48.4 21.85 ± 0.08 0.94 ± 0.05
UCD-FORS 30 0_2030 3:38:28.34 -35:25:38.3 20.08 ± 0.11 1.10 ± 0.05
UCD-FORS 31 NTT407 3:38:04.17 -35:25:26.6 20.24 ± 0.17 0.91 ± 0.11
UCD-FORS 34 Y446 3:38:30.72 -35:24:40.7 21.01 ± 0.10 1.03 ± 0.06
UCD-FORS 38 0_2063 3:38:19.08 -35:26:37.3 20.87 ± 0.05 1.06 ± 0.05
UCD-FORS 39 0_2027 3:38:19.49 -35:25:52.3 21.08 ± 0.09 1.25 ± 0.06
UCD-FORS 40 0_2089 3:38:17.09 -35:26:30.8 21.00 ± 0.13 1.13 ± 0.04
UCD-FORS 41 K1026 3:38:14.25 -35:26:43.9 20.91 ± 0.08 1.11 ± 0.06
UCD-FORS 42 80.028 3:38:26.47 -35:25:21.0 21.31 ± 0.09 1.08 ± 0.06
UCD-FORS 43 Y7797 3:38:26.40 -35:24:25.6 21.31 ± 0.06 1.08 ± 0.05
UCD-FORS 44 Y4222 3:38:29.52 -35:25:08.5 21.31 ± 0.10 1.21 ± 0.06
UCD-FORS 46 Y9320 3:38:19.99 -35:26:44.0 21.29 ± 0.10 1.08 ± 0.06
UCD-FORS 47 80.027 3:38:26.28 -35:25:25.0 21.38 ± 0.08 1.24 ± 0.05
UCD-FORS 49 80.035 3:38:18.22 -35:24:54.0 21.30 ± 0.09 1.08 ± 0.06
UCD-FORS 51 82.040 3:38:10.32 -35:26:31.9 21.86 ± 0.38 1.22 ± 0.19
UCD-FORS 53 Y4507 3:38:35.48 -35:25:29.6 21.41 ± 0.04 1.18 ± 0.05
UCD-FORS 54 82.029 3:38:05.66 -35:26:46.7 22.04 ± 0.41 1.22 ± 0.09
UCD-FORS 55 Y3866 3:38:22.41 -35:26:33.2 21.15 ± 0.11 1.10 ± 0.07
UCD-FORS 58 Y7698 3:38:20.60 -35:26:11.3 21.62 ± 0.06 1.15 ± 0.05
UCD-FORS 59 Y7967 3:38:35.78 -35:25:34.1 21.62 ± 0.02 1.01 ± 0.04
UCD-FORS 60 Y7935 3:38:33.86 -35:25:21.9 21.72 ± 0.25 0.83 ± 0.05
UCD-FORS 61 Y9354 3:38:23.21 -35:25:29.7 21.94 ± 0.07 1.32 ± 0.13
UCD-FORS 62 K1031 3:38:21.54 -35:26:16.1 21.89 ± 0.08 1.01 ± 0.04
UCD-FORS 63 K1032a 3:38:21.69 -35:25:14.9 21.92 ± 0.08 1.20 ± 0.04
UCD-FORS 65 80.045 3:38:22.85 -35:24:23.0 22.18 ± 0.13 0.78 ± 0.27
UCD-FORS 66 UCD33 3:38:17.47 -35:33:04.0 20.40 ± 0.06 0.99 ± 0.05
UCD-FORS 67 0_2023 3:38:12.70 -35:28:57.0 20.85 ± 0.08 1.10 ± 0.08
UCD-FORS 68 0_2026 3:38:18.89 -35:32:23.3 20.98 ± 0.09 1.11 ± 0.07
UCD-FORS 72 2_089 3:38:14.02 -35:29:43.1 20.96 ± 0.08 1.04 ± 0.06
UCD-FORS 73 Y3786 3:38:20.81 -35:34:26.9 21.06 ± 0.03 0.96 ± 0.04
UCD-FORS 74 2_2100 3:38:00.17 -35:30:08.3 21.12 ± 0.09 1.05 ± 0.07
UCD-FORS 75 91.113 3:38:08.16 -35:27:52.2 21.08 ± 0.09 1.01 ± 0.05
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Table A.2. continued.
Name Namealt R.A. DEC. VUCD (V − I)
(h:m:s) (◦:’:”) (mag) (mag)
UCD-FORS 77 89.055 3:38:22.44 -35:30:49.0 21.14 ± 0.10 0.96 ± 0.06
UCD-FORS 78 Y7523 3:38:08.80 -35:32:25.5 21.53 ± 0.03 1.80 ± 0.03
UCD-FORS 79 90.074 3:38:08.78 -35:29:39.5 21.17 ± 0.07 0.95 ± 0.05
UCD-FORS 82 92.060 3:38:04.68 -35:30:07.9 21.17 ± 0.08 1.16 ± 0.05
UCD-FORS 83 AAT21 3:38:13.07 -35:31:07.4 21.11 ± 0.11 1.09 ± 0.12
UCD-FORS 85 90.077 3:38:11.30 -35:29:31.2 21.43 ± 0.09 1.08 ± 0.05
UCD-FORS 86 90.015 3:38:14.66 -35:33:25.6 21.31 ± 0.08 1.22 ± 0.05
UCD-FORS 87 gc156 3:38:13.56 -35:28:56.3 21.28 ± 0.02 1.15 ± 0.03
UCD-FORS 88 91.083 3:37:58.75 -35:29:32.3 21.43 ± 0.08 1.04 ± 0.06
UCD-FORS 89 91.109 3:38:04.44 -35:28:11.6 21.42 ± 0.07 1.19 ± 0.05
UCD-FORS 90 89.037 3:38:15.46 -35:32:04.2 21.43 ± 0.08 1.04 ± 0.05
UCD-FORS 91 Y7703 3:38:20.99 -35:30:13.1 21.55 ± 0.11 1.03 ± 0.05
UCD-FORS 93 Y3603 3:38:16.49 -35:31:07.7 21.59 ± 0.10 1.01 ± 0.04
UCD-FORS 94 90.044 3:38:18.31 -35:31:34.7 22.20 ± 0.18 0.94 ± 0.04
UCD-FORS 95 89.042 3:38:13.25 -35:31:43.0 21.85 ± 0.08 0.86 ± 0.13
UCD-FORS 97 K1022 3:38:09.21 -35:35:07.3 20.85 ± 0.07 1.31 ± 0.05
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